Abstract. Syntheses of functionalized calix [4]arenes have been achieved by two new routes, one involving attachment of groups in the p-positions by means of quinonemethide intermediates and the other involving attachment of groups on the oxygens by means of ester formation using functionalized aroyl chlorides. The complexation properties of calixarenes have been studied with unfunctionalized calixarenes and amines, with amino calixarenes and metal ions, and with lldouble cavityv1 calixarenes and various guest molecules. The conformational behavior of the mono-, di-, tri-, and tetra-anions of several calix [4]arenes has been studied, and it has been demonstrated that the mono-and tetra-anions exist in the cone conformation, that the tri-anion exists in the partial cone conformation, and that the di-anion partitions between the mono-and tri-anions.
SYNTHESIS OF FUNCTIONALIZED CALIXARENES pQuinonemethide route
Calixarenes are cavity-containing macrocyclic compounds that have attracted interest because of their potential for forming host-guest complexes and, if appropriately functionalized, acting as enzyme mimics (ref. arene ( l a ) a readily available starting material. Treatment of a THF-acetic acid solution of la, formaldehyde, and the appropriate secondary mine at room temp for 1 day affords the Mannich bases 2 in 70-9M yields. Quaternization of 2 with methyl iodide yields 3, and treatment of 3 with various nucleophiles under basic conditions yields 5, presumably via the intermediate 2-quinonemethide 4 (e .g. the quaternary salt of the E-bromobenzenesulfonate of 3 undergoes no reaction when treated with cyanide under conditions that convert 3 to 3). p-tert-Butylcalix[4]arene (lb) can be prepared in good yield by the base-induced
The 2-quinonemethide route provides a particularly short pathway to a variety of functionalized calixarenes. For example, the preparation of p(2-aminoethyl)calix [4] arene (6b) as previously described via the Claisen rearrangement route (ref.
3 ) involved oxidation of the allyl groups to aldetides, reduction of the aldehydes to alcohols, conversion of the alcohols to bromides, replacement of the bromines with azido groups, and reduction of the azido groups to yield 6b. This same compound has now been prepared simply by reduction of 5a. The lower homolog, 2-(aminomethyl)calix[4]arene (6a) is readily
available by reduction of the azide 9, and the 8-quinonemethide route also provides an easy way for introducing carboxyl groups into the calixarene framework through the use of malonic ester methodology leading to 5c and 5d. Gnfortunately, acetylides fail to react smoothly, the CMSO anion competing as a nucleophile, and the reaction appears to be limited to m r e weakly basic anions such as cyanide, methoxide, azide, sulfide, and malonate. a proton transfer from the calixarene to mine followed by association of the calixarene anion (10) with the ammonium cation to form an e -c a l i x complex (11) (ref 8) . A more detailed study of this phenomenon treats the proton transfer step (K1) and the l'complexationll step (K2) as discrete processes, although it is recognized that these might be merged into a single step. Whereas W spectral measurements appear to arise primarily as a result of the first step, NMR measurements assess the net result of both steps. Table 2 shows similar data for the calixarene component of the complexes.
The interaction of calix[4]arenes such as 1 and amines has been interpreted in terms of are observed in the 'i H NMR spectra of tert-butylamine and neopentylamine in CD3CN solutions 
TlValUeS
Position None E-Butylamine Neopentylamine NaOH None E-Butylamine Neopentylamine NaOH Inspection of Table 1 shows that both pallylcalix[4]arene ( I c ) and trifluoroacetic acid exert a downfield s h i f t on the methyl resonances of E-butylamine and the methyl and methylene resonances of neopentylamine. These values are interpretable as a measure of the extent of proton transfer from the phenol t o the mine (assuming 102% proton transfer for trifluoroacetic acid). However, factors other than inherent basicities m u s t come into play in determining the chemical s h i f t values, and t h i s is supported by the fact that the pattern noted for the chemical shifts is not observed f o r the relaxation times. Thus, calixarene is more effective than trifluoroacetracid i n reducing tp relaxation time of. tert-butylamine =less effective i n the case of neopentylamine. The H NMR data for the c a E r e n e component, shown i n Table 2, display trends similar t o those i n Table 1 for the amine components; the relaxation times for the protons a t positions 5 b ,~, and d are significantly shorter i n the presence of tert-butylamine and somewhat shortgr i n the presence of neopentylamine than i n the pr=ce of NaOH, again emphasizing the f a c t t h a t t h e interaction w i t h the amines is more than a simple proton transfer process. Additional support is provided by the data in Table 3 for various other amines.
To gain further insight into the structure of the mine-calixarene complexes a 2D NOE experiment was carried out on an equimolar mixture of E -b u t y l a m i n e and ~-a l l y l c a l i x [ 41-arene i n CD3CN. The spectrum shows a moderately strong pair of off-diagonal signals with t h e coordinates 6 = 1.2 (methyl groups of tert-butylamine) and 6 = 5 (terminal protons of the a l l y l groups of the calixarene), i n d i c a g an interaction between these groups. Since the NOE effect is a through-space phenomenon t h a t a r i s e s only if groups are proximate, one is forced t o the conclusion t h a t i n the t e r butylamine/E-allylcalixarene complex the w i n e is either an E -c a l i x or an $&-calix complex, the NOE data provide strong evidence for the l a t t e r . Thus, a possible sequence of events involves the i n i t i a l proton transfer followed by formation of an exo-calix complex which, through p a r t i a l or complete conformational inversion of t h e T l i x a r e n e , transforms i n t o an e -c a l i x complex.
As a measure of the magnitude of the proton transfer step alone, W measurements were made on dilute solutions containing several different calixarenes and amines i n various r a t i o s , resulting i n a change from an absorption pattern showing a major peak a t 280 nm and a f l a t shoulder a t 290 nm t o one possessing a single, more intense, peak a t 292 nm and a new, l e s s intense peak, a t ca 310 nm. Dissociation constants f o r the calixarenes i n the presence of amines were obtained by measuring absorptivities a t various r a t i o s of calixarene t o amine and analyzing t h e data by t h e Benesi-Hildebrand expression ( r e f 9) as well as by a computer program using a similar expression ( r e f 10). The r e s u l t s are shown i n Table 4 . These data show t h a t the association constants f o r t h i n t e r a c t i o n of calix [4] arene and E si amines, as expressed i n equation 1, are approximately 10 . @ I t h e basis of t h e W and H NMR data, these constants are viewed as the product of a proton transfer step, which accounts f o r t h e larger f r a c t i o n of the overall constant, and an e -c a l i x -f o r m i n g s t e p , which accounts f o r the smaller fraction.
Aminocalixarenes and metal ions

Molecular models of p(2-aminoethyl)calix[4]arene (6b)
suggest t h a t the compound might coordinate with a metal ion i n a square planar fashion, leaving a f i f t h coordination site r e a d i l y accessible t o another m i n e , e.g. imidazole, and a s i x t h site accessible only through the c a v i t y of t h e calixarene and, therefore, restricted t o small molecules such as oxygen (12) . Studies of the ' n t e r a t i o n f t h e bro obenzenesulfonate of 6b with Pd", Ni", Cu", Fe'e-and C b " have been carried, and t h e copper complex appears t o be t h e one most l i k e l y t o assume a square pyramidal 5-coordinate configuration. The 2-bromobenzenesulfonate of the
Schiff base of 6b, prepared from 6b and benzaldehyde,
OR
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shows similar metal ion complexation behavior.
'Double cavity calixarenes' and guest molecules
The lldouble cavity" calixarenes (9) , prepared by t h e benzoylation route as described above, share with unfunctionalized calixarenes t h e property of forming complexes with various amines. In t h i s case, however, t h e s e l e c t i v i t i e s are considerably more dependent on t h e s t r u c t u r e of t h e amine, as i l l u s t r a t e d by the data i n Table 5 . Thus, e-methoxyphenylethylamine forms a t i g h t e r complex than either its lower or higher homolog, and n-butylamine forms a considerably tighter complex than its isomer s -b u t y l a m i n e . It is postulated that the complex-forming cavity is t h e one provided by the tetraamino face of the calixarene, the mechanism of the complexation possibly depending on a proton t r a n s f e r from calixarene t o amine i n t h e manner discussed above and as pictured at t h e left. 
CONFORMATIONS OF A N I O N S OF CALIX[4]ARENES
The formation of ethers and esters of calix [4] arenes is often carried out in the presence of very strong bases such as NaH, and the conformation of the product has been shown to be strongly dependent on the reaction conditions as well as the reagents (ref. 11). It was of interest, therefore, to study the ionization behavior of the calix[4]arenes under such conditions. Solutions of the calixarene in DMSO to which one, two, thr e, and fou equivalents of n-butyllithium were added were studied by means of W, H NMR and Li NMR spectra, with the results shown in Figs , .
; j 4 equiv L cone postulate that the mono-anion exists in a cone conformation, that the dianion partitions between the mono-and tri-anions, that the tri-anion exists in a partial cone conformation, and that the tetra-anion exists in a cone conformation, Temperature-dependent NMR studies reveal that all of these conformations are stable at least to 160% when lithium is the counter ion. However, when sodium is the counter ion the tetra-anion shows incipient coalescence of the methylene resonances at 16OoC, and when potassium is the counter ion the tetra-anion is already at the coalescence point close to room temperature. The extraordinary stability of the cone conformation when lithium is the counter ion may be due to a crown ether-like structure in which a lithium ion occupies the center of the circular array of oxygen atoms; sodium and potassium ions are too large to be able to occupy a similar position. If this is true, however, it requires the postulate that there is sufficiently rapiv exchange between llinsidevl and lloutsidetl lithium to account for the single resonance in the Li NMR spectrum of the tetra-anion.
